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ABSTRACT
Vibration Energy Harvesters (VEHs) are devices used to col-
lect mechanical energy from the surrounding environment to sup-
ply low power electronic systems such as Wireless Sensor Nodes.
In this paper, we introduce an electromagnetic VEH model and a
semi-analytical method called Moment Equation Copula Closure
(MECC) that is compared to Monte Carlo simulations. Those
methods are then used to derive the maximum power that can
be extracted from random vibration before analyzing the effect
of cubic stiffness nonlinearity on the VEH robustness against the
variation of the excitation spectrum. Unlike bistable nonlinear-
ity, it is shown that Duffing nonlinearity can be used to enhance
the VEH power density and robustness with a limited effect on
the harvested power.
INTRODUCTION
The Internet of Things (IoT) is the term used to describe
a cluster of technologies enabling machine to machine (M2M)
communication and machine to human interactions through the
Internet [1]. Among the technologies of the IoT, Wireless Sensor
Network (WSN) senses and communicates to gather data from
different locations. Apart from a gateway and a base station,
WSN are usually composed of a bunch of wireless sensor
nodes cooperating to transmit the sensed data to a common
point. Eventually, those nodes can be scattered in an unfriendly
environment, which may lead to communication, electronic
or mechanical issues. One of these issues concerns the power
needed to supply the node; due to their limited lifespan or their
inability to withstand extreme temperatures, usual batteries
are sometimes not able to satisfy the nodes specifications [2].
Therefore, alternatives to batteries and power cables are needed
to supply the wireless sensor nodes. Recent advances in the
energy efficiency of electronic devices and the work done to
optimize power management [3] place energy harvesting as
a viable solution. Energy harvesting aims to collect energy
from the environment, which is usually considered as losses
or constraints, and convert it to usable electrical power for
electronic devices. The surrounding source of energy can be
radiation (light, radio wave), thermal gradient or mechanical
movement [4, 5].
We focus on harvesting the energy from mechanical vi-
brations (i.e. Vibration Energy Harvesting). One of the first
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Vibration Energy Harvesting study dates back to the 90s [6]
and introduces the widely used basic principle of vibration
energy scavenging: the device is modelled as a single degree of
freedom mechanical oscillator which concentrates the vibration
energy in the form of kinetic energy that is then converted into
electrical energy through transduction mechanism. Generally,
the electromechanical transduction is provided by one or a
combination of the following three phenomena [7] : piezoelec-
tricity, electromagnetic induction (based on the Lenz-Faraday
law of induction) and the electrostatic effect. We will focus
on electromagnetic vibration energy harvester (VEH) because,
unlike the others, this transduction technic is already widely
known and used in the market and has virtually an infinite
life time (no wear nor mechanical stress) while providing high
electromechanical coupling coefficient.
Linear VEH has been widely studied and is well under-
stood [8]. Its main drawback is its narrow frequency band,
which results in low flexibility against changes in the excitations
most energetic frequency. Therefore, efforts have been made
to overcome this issue (i.e. to widen the frequency band);
some of them proposed to use multi degree of freedom (d.o.f.)
VEH [9–11] but those solutions increase the volume (and/or
mass) of the VEH impairing power generated per unit of volume
(mass). Another proposed technique is called self-tuning and
consist in adjusting the resonant frequency of the harvester to
the source either by closed-loop electronic circuit or by using
specific dynamic properties; however those techniques prove to
be difficult to implement experimentally. In 2009, Cottone et
al. [12] and Mann and Sims [13] proposed to introduce on pur-
pose nonlinearity to the stiffness of a linear VEH, respectively a
bi-stable and a Duffing type nonlinearity. These promising ideas,
mainly because of the effect of the nonlinearity, which tends to
bend the frequency response of VEH widening its frequency
band, were soon followed by other works on nonlinear vibration
energy harvesting [14–22].
Most of the previously cited studies deal with harmonic
vibrations sources. However, it is of common knowledge
that real-life vibration sources are wideband random signals.
From this last observation, many researches have been carried
regarding vibration energy harvesting under random excita-
tion [23–26]. In 2014, Daqaq et al. [27] proposes a review
of nonlinear energy harvesting. They state that both feasible
Duffing type nonlinearities (hardening and bi-stable) can, at
best, provide the same performances as their linear counterpart
in terms of harvested power under random excitation. Moreover,
Daqaq et al. infers that Duffing type nonlinearities could be
used to reduce the effects of small drifts in the center frequency
of colored noise excitation hence increasing the robustness of
the harvester. Though the interest of Duffing type nonlinearities
in vibration energy harvesting seems mitigated, the above
conclusions remains general and as concedes Daqaq et al. [27]
by advising a careful characterization of the excitation source, a
case by case analysis would be necessary.
In this paper, we propose to study the case of nonlinear vi-
bration energy harvester that would be attached to a truck. In fact,
a truck has a lifespan of around twenty years and no access to a
direct power source. Therefore, a WSN coupled to the trailer of
the truck (e.g. to monitor its position) would greatly benefit from
a vibration energy harvester. First, the vibration random source
is presented. Thereafter, the nonlinear vibration energy harvester
model with base excitation is presented together with a semi-
analytical method [28] to approximate the statistical moments of
interest. This method is then compared to direct Monte Carlo
simulation while analyzing the behavior of the nonlinear VEH
under vibrations iduced by the truck. Finally, the robustness of
the nonlinear VEH against changes in the excitation frequency
spectrum is studied.
VIBRATION SOURCE
Using seven measurements and analysis studies of trailer
truck vibration made all around the world [29–35], we have been
able to characterize the vibration source which we are interested
in.
The considered vibration source is a stationary random
excitation signal z¨(t) characterized by its Power Spectral Den-
sity (PSD), which the Fourier transform of the autocorrelation
function. As can be seen on Fig. 1, all of the gathered PSD
contains three main peaks corresponding to different vibration
modes of the trailer: suspension, tires and structural modes.
The most energetic mode is the one linked to suspension of the
trailer and can be approached by a fitting function Sz¨z¨ given by
equation 1 where ω is the angular frequency and A, ωt , ξt are
function parameters. This function is build taking into account
the road roughness and the response of the suspension mode to
it, a fitting example is also given on Fig. 1.
Sz¨z¨(ω) =
A
ω3
· | −ω
2
(ω2−ω2t )+2ξtωt jω
|2 (1)
By fitting all the gathered PSD, we observe that the most
energetic frequency of the vibration source f0z¨ varies from 1.7 to
4.2 Hz with a mean of 2.5 Hz. Harvesting this source hence is
a real change for linear vibration energy harvesters dur to their
narrow frequency band.
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FIGURE 1. TRUCK TRAILER VERTICAL VIBRATION PSD [35]
AND FITTING.
FIGURE 2. NONLINEAR ELECTROMAGNETIC VEH MODEL.
NONLINEAR GENERIC MODEL
In this paragraph, we describe the model of an electromag-
netic nonlinear VEH depicted in Fig. 2.
The base of the VEH is submitted to a displacement z(t)
(the vibration source) which causes a relative displacement x(t)
of the mass m suspended to the base by a spring of stiffness k
and a nonlinear cubic stiffness k3 that can be implemented using
magnets or a beam in large displacement [13, 36]. We consider
the mobile mass as a source of magnetic flux (magnet) and a cop-
per coil of internal resistance Rint and inductance L is wrapped
around it creating an electromechanical coupling with coefficient
α . The energy of the moving mass is then dissipated as mechan-
ical losses (damping cm) and electrical current i(t) in the copper
coil. This electrical energy is then lost as heat in the internal re-
sistance of the coil and harvested in the load modelled here by a
resistance Rl .
The mechanical movement x of the mass m can be modelled
by equation (2).
mx¨+ cmx˙+ k1x+ k3x3+αi =−mz¨ (2)
The electric current i flowing through the coil by equation
(3).
(Rl +Rint)i+L
di
dt
= α x˙ (3)
A usual and trustworthy assumption is to consider the role of
the coil inductance L as negligible. Consequently, equation (2)
and (3) decouple and only one differential equation maintains.
Also, the instantaneous power P(t) harvested on the load is given
by equation (4).
P(t) = Rli(t)2 (4)
Thus, to obtain the harvested power, one has to solve equa-
tion (5) and use equation (6) knowing the speed x˙ of the moving
mass.
x¨+(
cm
m
+
α2
m(Rint +Rl)
)x˙+
k1
m
x+
k3
m
x3 =−z¨ (5)
P(t) = Rl
α2
(Rint +Rl)2
x˙(t)2 (6)
Because we are working with stationary random excitations,
x and P will have a random nature and exhibit stationarity after
an initial transient response. To have meaningful performances
metrics, we consider only the stationary regime and apply sta-
tistical averaging to the quantities of interest. Hence, we focus
on the expected harvested power 〈P(t)〉 that is to be obtained by
computing 〈x˙(t)2〉, the second order spectral momentum of x(t)
since 〈x(t)〉 is zero.
The Duffing-type nonlinearity added to our electromagnetic
VEH leads its mechanical oscillator to several types of behavior
depending of the value of k1 and k3 (see Fig.3a).
If k1 > 0 and k3 = 0, the VEH has a linear behavior with a
resonance angular frequency ω0 equals to
√
(k1/m).
If k1 ≥ 0 and k3 > 0, the VEH behaves as a Duffing oscil-
lator characterized by a stiffness hardening. At the equilibrium
position (x = 0), the stiffness is equal to k1; then we consider the
linear resonant frequency ω0 as in the linear case.
If k1 < 0 and k3 > 0, the VEH has two stable equilibrium
positions in ±√(−k1/k3) and can oscillate around or between
those two positions: it presents a bi-stable behavior. At the sta-
ble equilibrium positions, the stiffness is equal to 2k1 and we
consider ω0 =
√−2k1/m.
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FIGURE 3. a. VEH BEHAVIOR ON CUBIC STIFFNESS PLANE.
b. POTENTIAL ELASTIC ENERGY FOR DIFFERENT CUBIC
STIFFNESS ARRANGEMENT.
Any other arrangement is not feasible in the vibration en-
ergy harvesting context. In the lexicon of oscillators, we refer to
potential well. Those potential wells correspond to stable equi-
librium positions that can be graphically observed as minima of
the potential elastic energy, plotted on Fig. 3b. For bi-stable os-
cillators, we therefore speak of intra or inter-well motion when
the mass oscillate around and respectively between its two stable
equilibrium positions.
MECC METHOD
To solve equation (5) when z¨(t) is a colored noise, several
methods are available [37]. The most accurate uses Monte
Carlo analysis of direct numerical computation of the oscillator
response, however, this method is very time consuming since a
large amount of simulation must be done on a sufficient time
period. For efficiency reasons, we decide to propose a less
accurate but faster method for a first analysis: the Moment
Equation Copula Closure (MECC) method introduced by Joo et
al. [28]. This method is pratically described below.
To present this method, we consider the stochastic differen-
tial equation (7) that can be easily linked to equation (5).
x¨+λ x˙+ k1x+ k3x3 = z¨ (7)
Assuming that both z¨ and x have zero mean and are station-
ary, one can obtain the moment equations given by (8) and (9).
∂ 2
∂τ2
Cxz(τ)+λ
∂
∂τ
Cxz(τ)+k1Cxz(τ)+k3〈x(t)3z(s)〉= ∂
2
∂τ2
Czz(τ)
(8)
∂ 2
∂τ2
Cxx(τ)+λ
∂
∂τ
Cxx(τ)+k1Cxx(τ)+k3〈x(t)3x(s)〉= ∂
2
∂τ2
Cxz(−τ)
(9)
Where s and t are two time values and τ = t − s. Also,
the function C is the covariance function; e.g. Cxz(τ) is the
covariance function of x and z at time τ .
The nonlinear term (k3) implies the presence of a forth order
statistical moment term in equations (8) and (9). This excludes a
direct resolution of these moment equations. So, a closure tech-
nique is necessary to approach the solution of the system. The
Gaussian closure technique [38] is the reference when the oscil-
lator is unimodal (i.e k1 > 0) and supposes that x has a Gaussian
probability density function (pdf). This last assumption doesnt
hold for bi-stable oscillator. Thus, we consider a pdf f based
on the analytical solution of the Fokker-Planck equation under
white noise excitation, it is defined in equation (10).
f (x,γ) =
1
F
exp
[
−1
γ
(
1
2
k1x2+
1
4
k3x4
)]
(10)
With:
F =
∫ +∞
−∞
exp
[
−1
γ
(
1
2
k1x2+
1
4
k3x4
)
dx
]
(11)
Where γ is a free parameter related to the energy level of the
system.
As indicated by its name, the main step of Joo et al.s MECC
method is to provide a closure of the moment equations (8) and
(9) by using Gaussian copula densities to find the linear relations
given in equations (12) and (13). Those relations are approxima-
tion obtained from Taylor expansions.
〈x(t)3z(s)〉= ρxz〈x(t)z(s)〉 (12)
〈x(t)3x(s)〉= ρxx〈x(t)x(s)〉 (13)
In our case, it turns out that ρxz and ρxx have the same ex-
pression which is given by equation (14).
ρxz(= ρxx) =
∫ +∞
−∞ x
3 f (x,γ)er f−1(2F(x)−1)dx∫ +∞
−∞ x f (x,γ)er f−1(2F(x)−1)dx
(14)
Where er f (·) is the Gauss error function and F(x) the
cumulative distribution function obtained from the pdf given by
equation (10).
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From the moment equations (8) and (9) and using the re-
lation given in (12) and (13), we are able to use the Wiener-
Khinchin theorem to obtain the PSD equations (15) and (16).
[
( jω)2+λ ( jω)+ k1+ρxzk3
]
Sxz(ω) = ( jω)2Szz(ω) (15)
[
( jω)2+λ ( jω)+ k1+ρxxk3
]
Sxx(ω) = ( jω)2Sxz(ω) (16)
Then, we obtain the expression of the PSD of the displace-
ment response Sxx as a function of Sz¨z¨.
Sxx(ω) =
∣∣∣∣∣ 1[k1+ρxzk3−ω2+ j(λω)][k1+ρxxk3−ω2+ j(λω)]
∣∣∣∣∣
× Sz¨z¨(ω) (17)
From equation (17), we can derive the expression of the vari-
ance of the response 〈x(t)2〉:
〈x(t)2〉=
∫ +∞
0
Sxx(ω)Sz¨z¨(ω)dω (18)
The main step of the MECC method is to find the triplet
(γ ,ρxz,ρxx) which allows to respect at best equations (14) and
(18). A cost function J of (γ ,ρxz,ρxx) equals to the sum of the
squared difference of the left and right terms of prcited equations.
Finally, the minimization of J give us a triplet (γ ,ρxz,ρxx)
that is the key to compute approximate values of most of the
statistical quantities of the oscillators response. Among those
quantities, 〈x˙(t)2〉 is the most interesting for us and is obtained
from equation (19) that comes from the linear property of time
derivation in the frequency domain.
〈x˙(t)2〉=
∫ +∞
0
ω2Sxx(ω)Sz¨z¨(ω)dω (19)
To obtain reference analytical values, we analyze the linear
VEH response under truck trailer vibration as characterized be-
fore. Linearity implies that x(t) will be Gaussian as long as z¨(t)
is Gaussian and equation (19) turns to equation (20).
〈x˙(t)2〉=
∫ +∞
0
ω2
(k1−ω2)2+(λω)2
Sz¨z¨(ω)dω (20)
For sake of simplicity, we consider that the harvester is tuned
to the most energetic frequency of the excitation f0z¨ (i.e k1 =
(2pi f0z¨)2). Therefore, a white noise approximation as defined by
Preumont [39] is acceptable and we obtain equation (21). Smax is
the maximum value of Sz¨z¨.
〈x˙(t)2〉 ≈ 1
2
piSmax
λ
√
k1
(21)
Taking back the notations of equations (5) and (6), we are
able to write the expression of the expected power (22).
〈P(t)〉 ≈ piSmax
2
Rlα2m
(Rint +Rl) [(Rint +Rl)cm+α2]
(22)
Impedance matching (i.e find the load impedance Rl that
maximizes the harvested power) is done for load resistance
equals to Rint
√
(1+α2/(Rintcm)) . Moreover, we consider an
optimized VEH that is the electromechanical coupling coefficient
is maximized and the losses (electrical and mechanical) are mini-
mized (α2/(Rintcm)→+∞). In this case, the expected harvested
power reaches its maximum 〈P(t)〉max value given in equation
(23).
〈P(t)〉 ≈ piSmax
2
(23)
The result expressed in equation (23) corroborated state of
the art findings [26]. Also, it is worth noting that it is highly
valuable, as an industrial point of view because it allows one to
instantaneously judge the feasibility of a vibration energy har-
vesting solution by comparing the power needs to the extractable
power from a known vibration source.
From this development, we can also retain some design
rules for a linear VEH under random vibration, that is to say the
parameters to minimize (Rint ,cm) and to maximize (α); further-
more, it is interesting to note that the expression α2/(Rintcm)
can be used to quantify and compare the performances of linear
electromagnetic VEHs.
As our study focuses on the VEH nonlinearities, we con-
sider in the following that the VEHs intrinsic parameters (m, cm,
α , Rint ) are fixed to realistic values extracted from one of our
prototype and are listed in Table 1.
NONLINEAR VEH UNDER TRUCK VIBRATION
In this section, we focus on the response of the nonlinear
VEH submitted to the vibration source characterized during
truck transportation. First the variability of the most enegetic
frequency is not taken into account and we have: Smax equals to
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TABLE 1. VEH PARAMETER VALUES.
Parameter Value Unit
m 0.5 kg
cm 0.08 N.s.m−1
α 15 N.A−1
Rint 20 Ω
6.3·10−3 g2.Hz−1 and f0z¨ at 2.5 Hz.
This approach has two purposes, the first one is to analyze
the behavior of the nonlinear VEH under truck vibrations.
The second one is to compare both computation methods and
identify the weakness of the MECC method in terms of accuracy
for future uses.
Note that for any results presented, impedance matching is
satisfied, that is to say: Rl is set to the value that maximizes
〈P(t)〉.
Hardening nonlinearity
On Fig. 4, we plotted the expected harvested power 〈P(t)〉
for different value of ω0/ωmax (ωmax is the angular frequency
corresponding to f0z¨) and k3 under excitation with the nominal
PSD. As it is the most accurate, we first consider only the results
obtained through the Monte Carlo simulations (Fig. 4a): 100
samples. For values of the nonlinear coefficient k3 under a given
threshold, the VEH behave linearly: the harvested power is
maximized (42 mW) when the VEHs linear resonance frequency
is tuned to the most energetic frequency of the excitation ωmax.
When nonlinearity is sufficient, the VEHs apparent stiffness
increases and lower values of linear stiffness are necessary
to guarantee tuning to the excitation; a slight decrease of the
harvested energy is then observed. For even higher values of k3,
low linear stiffness cannot maintain tuning and the harvested
power drops significantly. In the present case, we note that
the hardening-type nonlinearity has no positive effect on the
harvested power.
Fig. 4 also helps us to appraise the accuracy of the MECC
method for hardening-type nonlinear VEH submitted to colored
noise. Results obtained using the MECC method (Fig. 4b)
shows good agreements with those obtained with Monte Carlo
simulations (Fig. 4a). Only the decrease of the power, when the
detuning due nonlinearity is balanced by low linear stiffness,
is badly captured. This weakness is mainly caused by lack
of accordance of the chosen pdf of equation (10) with true
displacement pdf. Even if the MECC method shows good
performances, it cannot be used to draw conclusions about
expected harvested power of a hardening-type nonlinear VEH
under truck vibration. However, one as to mention that MECC
method is much faster than Monte Carlo simulation which needs
approximately 60 hours to compute Fig. 4 against 1.3 hours for
its counterpart. Therefore, to fasten Monte Carlo simulation,
MECC method could, for example, safely be used to quickly
identify the value of Rl that satisfies impedance matching.
To illustrate this ability of the MECC method, we plotted
〈P(t)〉 against Rl using Monte Carlo and MECC methods on Fig.
5. The chosen point (ω0= ωmax/2 and k3=6.25·104 N.m−3) be-
ing one where MECC exhibits its poorest performances. Observ-
ing Fig. 5, we note that despite an obvious difference between
the results, those obtained through MECC method follows the
same trend as those found using Monte Carlo. Hence impedance
matching can be identify using the MECC method.
Bistable nonlinearity
On Fig. 6a, we plotted the expected harvested power 〈P(t)〉
for different value of ω0/ωmax (note that ω0 is here equal to√−2k1/m) and stable equilibrium positions (√−k1/k3) under
excitation with the nominal PSD. Focusing on results obtained
from Monte Carlo simulations, we first note that the maximum
harvested power (37 mW) is lower than that of unimodal VEH
in the given conditions. Then, it can be seen that when the
equilibrium positions are close to each other(
√−k1/k3=0.1
cm), the harvested power is very low; this can be interpreted
saying that the apparent stiffness of the harvester (which exhibits
fully inter-well movement) cant tune the excitation frequency
spectrum (the VEH would have to be unimodal). When the equi-
librium positions deviate from one another, intra-well movement
tend to be more frequent until almost no jumps occurs between
the equilibrium positions. At this point (
√−k1/k3=1.5 cm), the
harvester can be seen as a unimodal oscillator (the mass moves
around only one position) and we see that it gives the most
power when ω0 = ωmax. Once again, in the above situation, the
nonlinearity brings no benefit to energy harvesting.
As done with hardening type nonlinearity and Fig. 4, we can
have hints about the performances of the MECC method when
comparing Fig. 6a (Monte Carlo) and Fig. 6b (MECC). For small
stable equilibrium positions (
√−k1/k3 <1 cm), the two methods
give very similar trends assessing the good performances of the
MECC methods. However, this last method completely fails to
capture the behavior of the bi-stable VEH when the equilibrium
positions are too far from another; in these conditions, the ex-
citation is not sufficient to enable intra-well are more frequent
than inter-well movement and minimization of the MECC cost
function doesnt adequately satisfyneither equations (14) nor (18).
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FIGURE 4. EXPECTED POWER EXTRACTED FROM HARDENING VEH AS A FUNCTION OF ω0/ωmax AND k3 OBTAINED WITH a.
MONTE CARLO SIMULATIONS b. MECC METHOD.
FIGURE 5. EXPECTED POWER EXTRACTED FROM HARDEN-
ING VEH AS A FUNCTION OF Rl OBTAINED WITH MONTE
CARLO AND MECC METHOD.
This weak point of the MECC method has been pointed out by
Joo et al. [28]. Once again, one note that the MECC method is
much faster than Monte Carlo simulations.
Variation of the excitation frequency
In this section, we aim to test, in our application, a property
of the hardening nonlinearity which tends to robustify the
performances of the harvester against variation of the excitation
frequency. Our identified vibration source now has its most
energetic frequency f0z¨ (ωmax) varying from 1.7 to 4.2 Hz.
To cut down simulation time, we select three configurations
which characteristics are listed in Table 2. Configuration 1
TABLE 2. NONLINEAR CONFIGURATIONS.
Configuration ω0/2pi (Hz) k3 (N.m−3)
1 2.5 0
2 1.7 6.25·104
3 1.7 1·105
corresponds to the optimal linear vibration energy harvester;
Configuration 2 is the nonlinear configuration tuned to 1.7 Hz
which gives the best results and Configuration 3 is Configuration
2 with a sligthly stronger nonlinearity.
When submitting those configurations to our nominal
configuration, we first note that the nonlinearity has an impact
on the maximum displacement of the mobile mass. In fact,
the maximum displacement with Configuration 1 is 72.4 mm
for a 42 mW power. With Configuration 2, the power drops
to 39.5 mW (-6 %) and the maximal displacement to 50.6 mm
(-30 %). Finally, with Configuration 3, the harvested power
is 38.3 mW (-9 %) while the maximal displacement is 32.6
mm (-55 %). Therefore, we note that nonlinearity decreases
maximal displacement with a minor effect on harvested power:
it increases the power density of the vibration energy harvester.
Considering now the variation of the excitation frequency,
Fig. 7 shows the harvested power against the most energetic
frequency of the excitation f0z¨. This plot shows that the cubic
nonlinearity add robustness to the harvester against variation
of the excitation spectrum. For example, we show that Config-
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FIGURE 6. EXPECTED POWER EXTRACTED FROM BISTABLE VEH AS A FUNCTION OF ω0/ωmax AND AND THE STABLE EQUILIB-
RIUM POSITIONS OBTAINED WITH a. MONTE CARLO b. MECC METHOD.
FIGURE 7. HARVESTED POWER AGAINST THE MOST ENER-
GETIC FREQUENCY OF EXCITATION .
uration 1 produces more that 30 mW between 2.1 and 3.2 Hz
while this frequency band is from 2.1 and 3.9 Hz (+64 %) for
Configuration 3.
We can then conclude that in our application, the introduc-
tion of a Duffing hardening nonlinearity offers two benefits : in-
crease of the power density (power per unit of volume) and gain
of robustness against variation of the excitation spectrum.
CONCLUSION
In this paper, we have drawn several conclusions on non-
linear vibration energy harvesting under stochastic excitation.
First, using the proposed model, we have shown that the maximal
power that can be extracted from a random vibration source is
equal to piSmax/m where Smax is the maximal value of the source
acceleration power spectral density and m the mass of the har-
vester. Then, the MECC method [28] used to solve nonlinear
stochastic ordinary differential equations has been presented. It
has been shown that for moderate nonlinearity, MECC has a rea-
sonable computational cost with a good accuracy compared to
Monte Carlo simulations and can therefore be used as an alterna-
tive tool to reduce the computational time.
Finally, we showed that the Duffing hardening nonlinear-
ity offers several benefits in our application which concerns the
scavenging the vibrations induced by a truck. In fact, designing
a VEH with this kind of nonlinearity increases the robustness of
the device against variation of the excitation spectrum and en-
hances the power density by lowering the maximal displacement
with a limited impact on the harvested power.
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